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We present results from a numerical investigation of using a sedion of channel insulator
with lower secondary eledron emisson coefficient to increase thrust and efficiency or
reduce insulator erosion in an SPT-type Hall thruster. An evolved 2-D hybrid particle-in-
cdl numerical Hall thruster model, HPHall, was used. Various cases were run to compare
the dfed of location and width of theinserted insulator sedion on the plasma response. An
SPT-70 geometry with channel insulator material ssimilar to BN was used as a baseline
configuration with sedions of BNAIN ceramic. We found that a 6% reduction in total ion
flux to the walls with a 3.®6 reduction in the maximum ion flux to the walls near the
thruster exit could be obtained. We also found that thrust and efficiency could be increased
by 7% and 6% at the expense of a 30% increase in ion flux to the walls. We have shown
that we might be able to modify the local plasma propertieswith this passve technique and

it should be investigated experimentally.

I ntroduction

This paper presents comparisons of results from an
evolved 2D numericd Hal thruster simulation,
HPHall, to investigate repladng a sedion d channel
insulator with a different ceramic to increase thruster
performance or reduce daannel wall erosion rea the
exit. A sedion d ceamic materia with lower
semndary eledron emisson (SEE) coefficient is used
in attempt to locdize the dedric field. This gudy was
inspired by the idea originally proposed by Fructman
and Fisch, o using a locdized eledric field to control
the locaion and extent of the ion accéeration layer
[2]. Subsequent experiments by Raitses et. al. used

segmented eledrodes to locdize the voltage drop
instead of SEE coefficient. An approximate 10% to
20% reduction in plume divergence agle & the
expense of efficiency was repoted in these
experiments [3, 4. If repladng a sedion d insulator
material has a similar effed, it also has the alvantage
of being apassve ontrol.

In ou initial studies of the dfed of changing the SEE
coefficient of the eitire dhannel insulator on the
thruster performance daraderistics [5], we foundthat
deaeasing the SEE coefficient led to increased thrust
and efficiency. We then used a simplified 1-D model
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to condict a preliminary study of the dfed of asingle
discontinuity on the thruster discharge properties [1].
From the 1-D results we found that a single SEE
coefficient discontinuity placed between the anode
and the sonic transition pant did na significantly
affed the patential drop a eledron temperature. Here
we use an evolved 2-D hybrid-PIC model, HPHall, to
investigate the dfed that the locaion and width of a
sedion d insulator material with a lower SEE
coefficient has on the thruster discharge ad
performance daraderistics.

Numerical M odel

HPHall is a transient 2-D simulation operating in
cylindricd coordinates. Comparisons of HPHall to
experimental results for the SPT-70 Hall thruster [5]
have shown that HPHal can model the thruster
efficiency and thrust to within 5%.

Governing Equations

The following is a brief description d the theory and
governing equations used in HPHall. This description
summarizes previous puldicaions[5, §.

Electron Equations

The simplified eledron equations consist of a
generalized Ohm’s law, a airrent conservation
equation, and an eledron energy equation. A
Maxwellian eledron dstribution, quasineutrality, and
aparticular ionfield are assumed. The dedron energy
equation is reduced to quasi-one-dimensional form by
asuming that the dedron temperature does not vary
along magnetic field lines. The generalized Ohm's
Law is used for eledron dffusion aaoss magnetic
field lines and the aossfield eledron velocity is
computed wsing classcd and Bohm nwohility. The
Bohm nmohility fador was st to 0.15 for this
investigation, which has previously been foundto be
the “best-fit” to experimental data[5].

Heavy Species

Current conservation, the bulk ionization rate, and the
equations of motion for the ions and reutrals complete
the model for the heavy spedes. lons and reutrals are
tradked using a particle-in-cdl method and the ion and
eledron systems are linked by charge neutrality. The
bulk eledron-neutral ionization rate is determined by
integrating the Drawin [7] crosssedion over a
Maxwelli an eledron dstribution.

Wall Effects

The interadion d Hall thruster plasma with the
insulator wall is a function d the secondary eledron
emisgon coefficient of the insulator material.
Experimental data show that the ratio of seacondary to
primary eledrons, o, can be described uwsing
Vaughan's general formula for SEE yield [8] in the
low energy regime where it reduces to a power law.

5= g )

The wall model in HPHall alows for a negative wall
potential with an ion-attrading nea-wall sheah, anda
pasitive wall patential with an ion-repelling nea-wall
sheah. The dedron temperature where the wall
potential  reverses is termed the bredpoint
temperature, Togp. Recent results from HPHall show
that when T, approadies Tegp, the hea loss grows
large that it is effedively limited to T.gp. The eguation
for energy lost to the wall was derived from
integrating the primary and secondary eledron energy
fluxes acoss Maxwellian dstributions. The nea-wall
eledron conductivity, |, is determined by cdculating
the downstream distance traveled by the guiding
center of low-energy secondary eledrons garting at
rest at the wall in crossed eledric and magnetic fields.
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In equation 2, 8 is the angle of incidence of the
magnetic field line with the wall and T, is the
sewndary eledron flux from the channel wall.

Boundary Conditions

Eledron temperature is diredly fixed at the cahode
and a zero slope ondtion is imposed on eledron
temperature at the anode. Although HPHall is capable
of modeling the badground chamber presaire, it was
set to zero for this gudy. Propellant feed particles are
placed randamly within the injedor region and have
randam trgjedories that correspond to a half-range
Maxwelli an distribution at atemperature of 1000K.



Numerical Method

The magnetic field is generated as a pre-process
which solves Laplacés equation onregions exterior to
infinitely permeable iron pdes. The governing
equations are solved time acarately by separating the
slow time scde (ion and reutral) motion from the fast
time scde (eledron) motion and iterating
successvely. Individual ion and reutral atoms are
simulated using a PIC method. The dedron motionis
solved wsing a modified Forward Time Centered
Space(FTCS) method. Numericd stability and spatial
discretization for the SPT-70 geometry used here were
verified by successve reduction d the time step and
cdl size. Solutions from this time-acairate smulation
are ssumed to have readed steady state when the
amplitude remains roughly the same over five long-
period cscill ations.
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Figure 1: A 2-D map o the mmputational domain
showing the thruster channel (z < 0.029m), the it
region and the gplied magnetic field lines. Also an
illustration d how asedion d BNAIN insulator is
inserted within a BN channel such that it is bounced
by the same lines of constant magnetic field.

Approach

HPHall was modified to allow two dscontinuities in
SEE coefficient of the dannel insulator. The
discontinuities are implemented in 1-D along lines of
constant magnetic field (constant A lines). Figure 1
ill ustrates how these lines map to two dmensions. In
figure 1, z is the aia coordinate and r is the radial
coordinate. We inserted sedions of material with

lower SEE coefficient at various locations between the
anoce and cahode. This insulator sedion insert is not
symmetric ebou the radial center of the dannel, bu
is bounded by the same magnetic field lines, as sown
infigure 1.

The geometry modeled was smilar to that of an SPT-
70, with a dhannel length of 29 mm, and a dhannel
width of 15 mm. The cdhoce is locaed at 34.2 mm
from the anode and channel insulator material extends
to the cdahode. Propellant flow rate is 2.34 mg/s
xenon, and dscharge voltage is 300V. As a baseline,
the entire channel insulator has properties smilar to
boron rntride (BN), whose sewmndary eledron
emisgon coefficient properties are provided in Table 1
andill ustrated in Figure 2.

Table 1. Coefficients and Exporents of SEE Yield

Material | Tegp (breakpoint) | a (exponent)
BN 16.65eV 0576
Baseline Case 16eV 0.576
BNAINY! 70.2eV 0.53
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Figure 2: Secondary Eledron Emisson Coefficient
as a Function d Incident Eledron Energy for the
Insulator Materials Used in This Study.

As a numericd experiment, we inserted single 2-mm,
4-mm and 6mm sedions of boron ntride duminum
nitride (BNAIN) ceramic in various locdions within
the dhannel insulator between the anoce and cathock,
while the rest is BN. All case studies were run for
10,000iterations and readed a quasi-steady state. The
following results are averaged over the 10,000
iterations.



Results and Discusson

We @@®s®d the dfeds of locaion and width of
different insulator sedions on the thruster
performance daraderistics. The time-averaged thrust,
efficiency, and total ion wall current to dscharge
current fradion are cmpared for various cases in
figures 3, 4 and 5, respedively. Note that the thrust
was computed as the time rate of axial ion momentum
leaving the boundxries of the computational domain.
These results dow that two separate operating
regimes can be obtained by varying the locaion d the
inserted insulator sedion. A regime with increased
thrust and efficiency is obtained when a mgjority of
the sedion with lower SEE coefficient is placed
forward (toward the cahode) of the sonic transition.
In this regime, the thrust and efficiency continue to
incresse & the sedion width increases and are
acompanied by an increase in ion current lost to the
wals. This guggests that the cdannel wall
configuration could be optimized for thrust and
efficiency based on an accetable level of incressed
channel wall erosion. The other regime with deaeased
ionlossto the wall sis obtained when a majority of the
sedion with lower SEE coefficient is placed behind
(toward the anode from) the sonic transition. In this
regime, the total ion lossto the walls can be reduced
while maintaining or dlightly increasing the thrust and
efficiency. This suggests that the channel wall erosion
could be reduced withou adversely affeding the
thruster performance daraderistics. To compare these
numericd results to existing experimental results, the
total ion current to the wall is 0.22 Amps for the
baseline cae. Bishaer and Kim [10] experimentally
estimated that the ion lossto the wallsis 1.0 Amp for
SPT-100 classthrusters. Scding this value based on
areawould predict a 0.5 Amp total wall current for
SPT-70 classthrusters [6]. This indicaes that HPHall
may be under-predicting the ion wall current for the
baseline cae and al other cases, however, for this
study we ae primarily interested in relative dfeds.

To gain and undrstanding of the dfeds that drive the
observed improvements, the aia profiles of some
parameters of interest for case 1 and case 2 (marked
on figures 3 through 5) are compared with the baseline
case in figures 6 through 13.Both case 1 and case 2
use a 6-mm wide sedion d BNAIN within an
insulator material similar to BN (table 1, figure 2).
The baseline cae is a ontinuous insulator of the
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Figure 3: Variation in time-averaged thrust as the
locaion and width o an inserted sedion d BNAIN
isvaried along the channel.
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Figure 4: Variation in time-averaged efficiency as
the locaion and width of an inserted sedion d
BNAIN isvaried along the channel.
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Figure 5: Variation in time-averaged ion wall to
discharge airrent fradion as the locaion and width
of an inserted sedion d BNAIN is varied along the
channel.



material similar to BN. Sincethe parameters siownin
these figures were computed with resped to constant
magnetic field lines, the aial coordinate, Zyem, in
these figures is the mean value of the spatia
coordinate, z, along a particular constant magnetic
field line. The first parameter of interest is the aial
profile of SEE coefficient for these caes, shown in
figure 6. This ill ustrates how the inserted insulator
sedion affeds the SEE coefficient when pacel in
different regions of the thruster. Since this is the
control parameter for this dudy, it is a key reference
for the following discusgon.

In the increased efficiency and thrust regime, the total
efficiency incresse is driven by the increased
propellant utilization efficiency resulting from
increased eledron temperature. Case 2 is in this
regime and hes a thrust increase of 7% and an
efficiency increase of 6% over the baseline cae. The
increased eledron temperature for case 2 (figure 7)
results in a higher ionization rate (figure 8), plasma
density (figure 9) and an extended ionization zone.
This is suppated by data from a previous HPHall
study where a increasse in propellant utili zation
efficiency with maximum eledron temperature was
also observed when the SEE coefficient of the entire
insulator was varied [5]. Comparing case 1 and case 2
in figures 6 and 7, we can see that a much more
dramatic dedron temperature increase occurs when
the sedion with lower SEE coefficient is placed
forward of the ionization layer. This is due to the
dominance of ionization losses over wall | osses in the
ionization region and was also seen in ou previous 1-
D and parametric studies [1]. Thus, the increased
thrust and efficiency regime is obtained when the SEE
coefficient is reduced in the region forward (toward
the cahode) of the ionization layer, where the reduced
wall losses can significantly incresse the dedron
temperature.

The incressed thrust and efficiency regime is
acompanied by an increase in ion flux to the walls
(figure 5). In case 2, the total ion wall current to
discharge aurrent fradion increased by 30% over the
baseline case. Thisis primarily aresult of two effeds.
The etended ionization layer in case 2 pushes the
sonic transition and the accéeration layer closer to the
cahode (figure 11), into the region d defocusing
magnetic field lines (figure 1). Also, the locdized
eledric field in the region d the inserted sedion
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Figure 6: Time-Averaged Axia Profile of Secondary
Eledron Emisson (SEE) Coefficient. The baseline
case represents a ontinuows insulator material
similar to BN. In case 1 and case 2, part of the
insulator is replacad by a 6-mm wide sedion o
BNAIN, which has a lower SEE coefficient. These
cases correspond to those marked on figures 3
through 5.
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Figure 7: Time-Averaged Axial Profile of Eledron
Temperature. The temperature increase for case 2 is
due to the reduced SEE coefficient of the inserted
insulator sedion in that region. The dfed of the
inserted insulator sedion onthe dedron temperature
for case 1 is less sgnificant than for case 2. These
cases correspond to those marked on figures 3
through 5.
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Figure 8: Time-Averaged Axia Profile of lonization
Rate. Both case 1 and case 2 have ahigher ionization
rate than the baseline cae, resulting in a higher
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Figure 9: Time-Averaged Axial Profile of Plasma
Density. This data is included for reference These
cases correspond to those marked on figures 3
through 5.

(figure 13) causes the accéeration layer to be more
locdized in the region d defocusing magnetic field
lines within the thruster. Note that the inserted sedion
is more dfedive & modifying the dedric field and
potential drop (figure 12) when it is placed forward of

the ionization layer. This was also suggested by our
previous 1-D and perametric studies [1]. These two
effeds cause more ions to be direded toward the
chamber walls nea the thruster exit, which could
result in increased channel wall erosion.

Case 1 isin the regime with deaeased ion lossto the
walls. A comparison d case 1 with the baseline case
shows that a 6% reduction in the total ionwall current
to dscharge arrent fradion is accompanied by a
thrust and efficiency increase of approximately 1%
(figures 3 through 5). Thisregime is believed to result
from the locdization d the dedric field in the region
of focusing magnetic field lines where the insulator
sedion with lower SEE coefficient is located (figures
1, 6and 13. The locdized eledric field causes more
of the ion accéeration to occur in this region, thus the
ion flow is more focused downstream. This is
suppated by the observation that the ion flux to the
wallsisreduced in the region davnstrean (toward the
cahode) of the locdized eledric field (figures 10 and
13). The maximum ion flux to the walls nea the
thruster exit was reduced by 3.7 in case 1. The
effedivenessof the insulator sedion for locdizing the
eledric field in the region d focusing magnetic field
lines is limited due to the dominance of ionization
loses over wall losses. This could limit the
effediveness of using reduced SEE coefficient to
reducewall erosion.

The results of this dudy indicae that a sedion o
insulator material with lower SEE coefficient might be
effedive for either reducing insulator erosion withou
adversely affeding the thruster efficiency and thrust
or increasing efficiency and thrust with an increase in
ion flux to the walls. The dfediveness of using this
technique to modify the ion flux to the walls appeas
to strongly depend on the gplied magnetic field
configuration. Based on these results, we recommend
that this pasdve tednique be investigated
experimentally. For this, additional results from
HPHall shoud be studied to further optimize the
channel insulator configuration. Posdble additional
improvements for the high performance regime could
be to use asputter resistant insulator material nea the
thruster exit or afocusing magnetic field in the region
of the inserted sedion. It would also be important to
quantify the dfed of the insulator discontinuities on
the oscillatory charaderistics of the discharge in
future studies.
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Summary

Results from an evolved 2-D numericd Hall thruster
simulation, HPHall, were mmpared to investigate the
use of a sedion d channd insulator material with
lower seandary eledron emisgon (SEE) coefficient
to increase thruster performance or reduce dannel
wall erosion. A channel insulator material similar to
BN was used as a baseline with inserted sedions of
BNAIN ceramic. By varying the location and width of
this insulator sedion, we foundtwo operating regimes
of interest.

A regime of increased performance was obtained
when the sedion was placed mostly forward of the
ionization zone. This performanceincrease is believed
to be due to the increased eledron temperature in the
region where the SEE coefficient was reduced. It was
aso acompanied by an increase in ion flux to the
walls. The increased ionwall flux is believed to result
from locdizing the dedric field in the region o
defocusing magnetic field lines, where the sedion
with reduced SEE coefficient was placal. This
problem may be ouneraded with the use of sputter
resistant materials nea the thruster exit or by
implementing a focusing magnetic field in the region
of the inserted sedion.

A regime of reduced ion flux to the walls was
obtained when the sedion was placel in the ionization
zone. In this regime, the thrust and efficiency were be
maintained o dightly increased from that of a
continuows insulator. The reduced ion wall flux is
believed to be due to the incressed eledric field in the
region d focusing magnetic field lines. The aility of
a sedion with lower SEE coefficient to locdize the
eledric field in the region o focusing magnetic field
lines appeas to be limited duwe to the dominance of
ionizationlosses over wall | osesin this region.

We have shown that we might be &le to modify the
locd plasma properties with the pasdve technique of
repladng part of the channdl insulator with a diff erent
caamic material. We ae dill  numericdly
investigating other ways this technique might be used
and it shoud aso be investigated experimentally.
Future reseach shoud include a1 analysis of the
effea of insulator discortinuities on the oscill atory
charaderistics of the discharge.
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